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Key Points:
• Pulsations detected in ionospheric D-region are synchronized with flare X-ray pulsa-
tions.
• D-region electron density varies by up to an order of magnitude over 20 minutes dur-
ing the pulsations.
• Effective ionospheric recombination coefficient can be calculated as a function of
varying X-ray flux.
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Abstract
Solar flare emission at X-ray and extreme ultraviolet (EUV) energies can cause substantial
enhancements in the electron density in the Earth’s lower ionosphere. It has now become
clear that flares exhibit quasi-periodic pulsations with timescales of minutes at X-ray ener-
gies, but to date, it has not been known if the ionosphere is sensitive to this variability. Here,
using a combination of Very Low Frequency (24 kHz) measurement together with space-
based X-ray and EUV observations, we report pulsations of the ionospheric D-region, which
are synchronized with a set of pulsating flare loops. Modeling of the ionosphere show that
the D-region electron density varies by up to an order of magnitude over the timescale of the
pulsations (∼ 20 mins). Our results reveal that the Earth’s ionosphere is more sensitive to
small-scale changes in solar soft X-ray flux than previously thought, and implies that plane-
tary ionospheres are closely coupled to small-scale changes in solar/stellar activity.
1 Introduction
All planetary atmospheres respond to solar flare activity [Witasse et al., 2008]. On
Earth, sudden increases in extreme ultraviolet (EUV) and X-ray radiation during a solar flare
affect the entire dayside ionosphere [Tsurutani et al., 2009]. During quiet Sun conditions,
the D-region (∼60-90 km in altitude) is maintained by Lyman-α (1216 Å) acting on the mi-
nor constituent nitric oxide, with the X-ray flux being too small to be a contributor. However,
when a solar flare occurs, X-ray photons of wavelengths <10 Å can penetrate down to the
D-region resulting in a dramatic increase in ionization of all neutral constituents (includ-
ing nitrogen and oxygen) in this lowest lying region of the Earth’s ionosphere [Mitra, 1974;
Whitten and Poppoff , 1965]. This markedly increases the electron density of the D-region.
Observations of the propagation characteristics of very low frequency (VLF; 3-30 kHz) ra-
dio waves provide a tool to remotely investigate the behavior of this ionospheric layer in re-
sponse to ionizing disturbances [Mitra, 1974; Thomson et al., 2005]. VLF waves propagate
in the waveguide bounded below by the Earth’s surface and above by the lower ionosphere.
Enhancements in ionization of the D-region result in amplitude and phase variations of the
received VLF signal. Theoretical models [Wait and Spies, 1964; Budden, 1988; Ferguson,
1998] can then be used in conjunction with VLF measurement to estimate the variation of
electron density with height and time through the D-region, which are not readily measurable
by other means. Indeed, VLF techniques have also been used in the detection of transient
ionospheric disturbances at D-region altitudes from phenomena such as gamma-ray bursts
[Inan et al., 1999], solar eclipses [Kumar et al., 2016], space weather [Kumar et al., 2015],
meteor showers [Kaufmann et al., 1989], and from disturbances such as lightening strikes
[Inan et al., 2010; Shao et al., 2013], and earthquakes [Parrot and Mogilevsky, 1989].
It has now become clear that X-ray emission generated in solar and stellar flares show
pronounced pulsations and oscillatory behavior, with periods ranging from seconds to sev-
eral minutes [Nakariakov and Melnikov, 2009]. The underlying mechanism responsible for
producing these ‘quasi-periodic pulsations’ (QPP) in flaring emission remain debated. One
possibility is that the pulsations are a direct result of multiple bursts of energy release from
a regime of periodic magnetic reconnection. This may explain the ‘bursty’, shorter period
(seconds) pulsations observed during the impulsive phase of solar flares but fail to account
for the longer period QPP. Longer period pulsations are generally assumed to be a manifes-
tation of magnetohydrodynamic (MHD) wave processes excited in the corona and/or flare
sites. Pulsations, with periods of minutes to tens of minutes have previously been reported in
the X-ray emission from flaring events [e.g. Švestka et al. , 1982; Harrison, 1987; Li & Gan,
2008]. It has been suggested that slow-mode oscillations of large scale loops could drive the
observed pulsations [Švestka, 1994]. Alternatively [Foullon et al., 2005] interpreted X-ray
QPP with periods of 8-12 minutes as periodic modulation of reconnection by an external
MHD oscillation in a nearby loop. Similar timescale pulsations have also been studied in
EUV, so called SUMER oscillations, and interpreted as standing longitudinal slow mode
waves in hot coronal loops Wang [2011].
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It has recently been noted that these long-period time-scales are a common feature of
soft X-ray emission observed in the 1-8 Å channel of the Geostationary Operational Envi-
ronment Satellite (GOES) [Tan et al., 2016]. The question now arises as to whether these
oscillatory signatures of soft X-ray pulsations can appear in terrestrial observables of our
ionosphere. To the best of our knowledge there has been no reports in the literature of so-
lar flare quasi-periodic pulsations and their response in the lower ionosphere. Here, using
EUV imaging from the Atmospheric Imaging Assembly (AIA) aboard the Solar Dynamics
Observatory (SDO) together with the GOES X-ray sensor and VLF monitoring of the lower
ionosphere we reveal previously unseen characteristics of the relationship between dynamic
oscillatory signatures in both the solar atmosphere and the Earth’s ionosphere.
2 Flaring Pulsations and Ionospheric Response
On 24 July 2016, an active region located on the western limb of the Sun began to flare
(NOAA active region 12567; N05W91; see Figure 1a–c). Over the course of four hours,
from 11:00–15:00 UT, a series of X-ray pulsations of GOES class B9.2–C6.8 were observed
in the 1–8 Å band of the GOES X-ray sensor. The flaring loops, imaged using EUV observa-
tions in the hot 131 Å AIA passband (peak response ∼10 MK) [Lemen et al., 2011], similarly
reveal quasi-periodic brightness variations (see Supplementary Movie 1). The evolution of
the X-ray emission together with the associated AIA 131 Å lightcurve integrated over the ac-
tive region is shown in Figure 1d. The time profiles exhibit quasi-periodic pulsations with a
progression of 9 large amplitude peaks of growing intensity. Periodogram analysis of the flux
profiles finds a characteristic timescale of ∼20 minutes between peaks of the pulsations.
To examine the lower ionosphere response to X-ray QPP, VLF radio signals at 24 kHz
emitted by the communications transmitter in Maine, US (station id: NAA; 44.6◦N 67.2◦W)
were monitored at the Rosse Solar–Terrestrial Observatory in Birr, Ireland (53.1◦N, 7.9◦W)
using Stanford University Sudden Ionospheric Disturbance (SID) monitor [Scherrer et al.,
2008]. This propagation path had a great circle distance of ∼5,320 km across the Atlantic
Ocean, which provided a continuous sunlit path to remotely measure the response of the
ionosphere as the Sun traversed the ocean (Figure 2). The influence of the X-ray pulsations
on the lower ionosphere can clearly be identified in the received VLF amplitude (dB) (Figure
1e). The enhancement in amplitude of the VLF signal results from increased electron density
in the D-region, which lowers and sharpens the upper mirror point of the Earth-ionosphere
waveguide, allowing the VLF signal to reflect at a sharper boundary with less attenuation
[Thomson and Clilverd, 2001; Grubor et al., 2005].
Notably, the amplitude of the received VLF signal exhibits pulsating signatures that
systematically track the pulsations in X-ray emission. A Pearson correlation coefficient of
0.92 was found between the GOES 1-8 Å time profile and the VLF response. Taking into
account the diurnal solar zenith angle variation due to Lyman α emission from the Sun, we
also compute the differential VLF response and compare with the X-ray pulsations. This is
done by subtracting the mean of solar quiet days close to the event. The correlation coeffi-
cient of the differential VLF and the X-ray flare is then found to be 0.94. The fact that soft
X-ray quasi-periodic pulsations produce synchronized pulsations in the D-region electron
density (as monitored by the VLF response) indicate a close coupling of the solar-terrestrial
relationship as X-ray QPP act as an external quasi-periodic driver to the D-region electron
density. Each peak in X-ray and VLF response is numbered 0-9 for comparison. The signal
response of the VLF to the X-ray flux is more significant with each pulsation. This is due to
the increasing X-ray intensity with each pulse. The electron production rate (q) is directly
proportional to the flux (Fs Wm−2) of ionizing radiation [Ratcliffe, 1972; Budden, 1988],
hence we see larger amplitude responses for greater X-ray flux.
A common feature of the observed pulsations is the time delay (∆t) between the peak
of the VLF amplitude and the peak of X-ray flux. This time delay is highlighted in the sub
panel in Figure 1e, where a zoomed plot of both the X-ray lightcurve and VLF response
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Figure 1. Synchronized pulsations from coronal flaring loops observed in both X-ray and EUV emission
and the response of the D-region of the ionosphere. EUV images from the 131 Å channel of SDO/AIA is
shown in a, b and c during the three intervals marked by the arrows in d. Quasi-periodic pulsations are evident
in both the X-ray and EUV emission in (d), while the corresponding D-region response observed using VLF
at 24 kHz is shown in (e). The subplot in (e) is a zoom in of the pulsation numbered 2 to highlight the time
delay (∆t ∼ 90s) between the X-ray peak and the VLF response.
is shown for peak 2. Cross-correlation analysis between profiles finds a delay of ∼90 sec-
onds. The time delay present here is a characteristic feature of the response of the ionosphere
to ionizing radiation. Previous authors have noted it as the ‘relation time’ [Mitra, 1974] or
‘sluggishness’ [Appleton, 1953] of the ionosphere in response to ionizing flux. In the lower
ionosphere, the electron production rate (q = FsσNe m−3 s−1) is dominated by photoioniza-
tion, while electron losses (L = αe f f N2e m−3 s−1) result from recombination [Mitra, 1974;
Zigman et al., 2007; Nina et al., 2012]. The physical effect of the electron loss process is
to delay the response of the changes in electron density Ne (m−3) to changes in Fs . Here,
αe f f (m3 s−1) is the effective recombination coefficient. Hence, there is a time delay between
the ionizing X-ray peak and the VLF response and it signifies the time taken for the D-region
photoionization-recombination processes to recover balance after increased irradiance [Zig-
man et al., 2007; Appleton, 1953; Basak and Chakrabarti, 2013].
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Figure 2. High frequency radio wave absorption as a result of increased ionization in the D-region of
the ionosphere. The D-RAP model, driven by GOES X-ray and proton fluxes, show that the day-side of the
ionosphere over the Atlantic Ocean suffered increased ionization during the solar X-ray pulsations. The three
panels a, b and c correspond to the times shown in Figure 1. a, b, and c respectively. See also Supplementary
Movie 2.
3 D-Region Absorption Model
The D-region Absorption Model (D-RAP) from the NOAA Space Weather Prediction
Center [Akmaev et al., 2010] provided additional insight into the effects of the X-ray pulsa-
tions on the terrestrial ionosphere. Although the excess ionization at the D-region improves
reflectivity at low frequency radio waves, it has deleterious impacts on higher frequency
sub-ionospheric radio communications. High frequency (HF; 3–30 MHz) waves allow long-
distance communication as they reflect in the upper ionosphere (peak of F2 region), passing
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through the D-region as they propagate. When a strong X-ray flare occurs, HF signals suffer
attenuation due to absorption as it passes through the increased local electron density of the
D-region. In extreme cases these signals can fade out as they are absorbed before and after
they undergo reflection. D-RAP models this effect on HF wave attenuation attributed to X-
ray enhancements in the D-region and was used here to illustrate the HF propagation affects
over the path traveled by VLF (from Maine, USA to Birr, Ireland). The global D-RAP map
is shown in Figure 2 at three intervals corresponding to times of different ionization enhance-
ment (same time as Figure 1a, b, and c respectively). The map shows the great circle path
from the NAA transmitter to our receiver at Birr, together with the highest frequency affected
by absorption of 1dB. Throughout the flaring event, ionization perturbations take place in the
D-region along this path illustrating that the NAA-Birr propagation is an appropriate path
to use for VLF remote diagnostics in relation to this flaring event (See also Supplementary
Movie 2).
4 Modeling D-Region Electron Density
To investigate the behavior of the electron population of the lower ionosphere during
the QPP event, we use a full waveguide solution to model the propagation of the VLF sig-
nal during perturbed conditions. Our analysis is based on the Wait model [Wait and Spies,
1964], which uses time dependent parameters of a reference height H’ (in km) and an elec-
tron density e-folding or ‘sharpness’ β (in km−1) to describe the electron density height pro-
file in the lower ionosphere. This two parameter system provides a model of a vertically
stratified ionosphere with an electron density profile Ne that increases exponentially with
altitude, h:
Ne(h,H ′, β) = 1.43 × 1013e−0.15H′e(β−β0)(h−H′) m−3 (1)
Here β0 is 0.15 km−1. The changes to this electron density height profile during perturbed
conditions were estimated using the Long-Waveguide Propagation Capability (LWPC) [Fer-
guson, 1998] code. Specifying electron profile parameters (H’, β), together with input path
variables allows LWPC to simulate the VLF propagation based on full waveguide mode the-
ory. It returns expected amplitude and phase at a specific receiving point. By varying the two
independent parameters H’ and β, a range of VLF signal amplitudes were simulated, and the
resulting agreement between modeled and observed signals provided the most likely height
profile of the disturbed ionospheric.
During quiet daytime conditions, the reference values for H’ and β are 74±1 km and
0.31±0.01 km−1, respectively. However, during the flare, the increased ionization lowers the
effective height H’ and increases the sharpness parameter β. The temporal variations of these
parameters are shown in Figure 3 a, with H ′ and β marked in black and gray respectively. As
shown, the set of these parameters similarly follow the pulsating signatures. During the high-
est soft X-ray peak (at ∼ 14:05 UT), we find that H’ decreases from 74±1 km to 63±1 km,
and β increases from 0.31±0.01 km−1 to 0.42±0.01 km−1. The altitude and temporal depen-
dence of the resulting modeled electron density calculated from equation (1) is displayed in
Figure 3 b and c. During the flaring event, especially from peaks 2-8, the variation of the
electron density is closely related to the soft X-ray ionizing flux, similarly displaying a pul-
sating signature. We can see that the influence of the flaring radiation is more pronounced
at higher altitudes, and during times of larger X-ray intensity. For example, peaks 0 and 1
do show a temporal behavior in the ionosphere, more so at higher altitudes, however the
magnitude of the variations is much smaller. At 74 km, the electron density increases from
∼ 2 × 108 m−3 during normal daytime conditions, to ∼ 1.6 × 1010 m−3 during the largest flare
pulse.
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Figure 3. Calculated Wait parameter values and variations in electron density in the lower ionosphere as a
result of the pulsating X-ray flux. The set of H ′ and β values as a function of time computed from the LWPC
simulation are shown in panel a. The electron density variations (in m−3) is shown in panel b as a function of
both altitude and time calculated from the electron density equation (1). Temporal electron density changes at
altitudes of 65, 75 and 85 km are shown in panel c.
The electron loss processes can be quantified in terms of the effective recombination
coefficient αe f f . This coefficient can be related to the time delay (∆t) between the VLF re-
sponse the X-ray flux. Using the electron continuity equation, αe f f can be calculated at a
local maximum of the ionizing radiation (i.e., when dq/dt = 0) by the relation αe f f =
1/(2Ne∆t) [Zigman et al., 2007; Mitra, 1974; Appleton, 1953]. Here Ne is the electron den-
sity and ∆t is the time delay between VLF and X-ray peaks. Given the multiple pulsations in
our example, we can calculate αe f f as a function of flux during the same flaring event. Using
electron density values from Figure 3 at each peak for a selection of heights, together with a
time delay of ∼90 seconds, we calculate the effective recombination coefficient at the times
of soft X-ray peaks. The variation of αe f f as a function of X-ray flux, and altitude is shown
in Figure 4. The coefficient is calculated for each peak 0-9, as marked in the Figure. Unlike
the electron density, the effective recombination coefficient has smaller values for larger X-
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ray flux, and at higher altitudes. The values in the range of 10−10 − 10−13 m3s−1 are in agree-
ment with other works [Zigman et al., 2007; Gledhill, 1986]. The advantage of our analysis
is that we can estimate multiple values for the effective recombination coefficient during the
same flaring event.
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Figure 4. Recombination coefficient αe f f as a function of X-ray flux and altitude. The coefficient is cal-
culated at each X-ray peak time, numbered 0-9. The shaded areas are the 95% confidence interval of the
least-squares fit.
5 Conclusions
The observations described here reveals that the lower ionosphere is sensitive to dy-
namic solar activity such as quasi-periodic pulsations in X-ray flaring emission. This is the
first observation of synchronized pulsations, exposing a sensitive coupling of oscillatory
signatures in solar flare soft X-ray emission and the Earth’s ionized environment on short
time-scales. The detection of solar flare pulsations in the Earth’s ionosphere has interesting
implications for study of the geo-effectiveness of solar flares. The rapid variations of iono-
spheric plasma density (Figure 3) produced by the pulsating X-ray emission could result in
further triggering of processes in the Earth’s atmosphere. The density variation may consti-
tute a periodic driver for dynamic atmospheric phenomena, such as acoustic gravity waves
[Nina et al., 2013] . These effects would be greatly enhanced if a resonance occurs between
the periodicity of the incoming flux and the natural frequencies of the ionosphere [Nakari-
akov et al., 2016].
The comparative nature of solar flare X-rays and the ionospheric response (without
pulsating signatures) have been investigated widely in the literature [e.g. Mitra, 1974; Thom-
son et al., 2005; Selvakumaran et al., 2015]. VLF provides a powerful tool to probe the lower
ionosphere in response to ionizing agents, such as solar X-ray flares. The Earth’s ionosphere
essentially acts as a giant X-ray detector, responding characteristically to enhanced X-ray
flux. Subsequently, the D-region has responded to the quasi-periodic pulsations present in
the incident X-ray flux from this solar flare. Global VLF networks, such as GFIDS [Wenzel
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et al., 2016] will allow us to continuously monitor the response of the D-region to solar flare
activity, and indeed will allow us to further explore the relationship of dynamic QPP in solar
flares and their ionospheric response.
Like Earth, other planetary atmospheres are also significantly affected by solar flares.
For example, Mendillo et al. 2006 [Mendillo et al., 2006] showed that an enhancement of
up to 200% in electron density can occur in the Martian lower ionosphere in response to en-
hanced X-ray flux during a flare. Similar reports have also been shown in the studies of the
effects of flares of the atmosphere of Venus [Kar et al., 1986]. The question now arises as
to whether oscillatory signatures can be observed in other planetary atmospheres and how
coupled the planetary atmospheres are to solar activity. Finally, given the recent evidence of
QPP in stellar flare emission [Mitra-Kraev et al., 2005; Cho et al., 2016; Pugh et al., 2016],
this observation implies the presence of oscillatory responses in exoplanetary atmospheres.
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